In the Sesia Zone, Western Alps, a large volume of orthogneiss formed as a result of eclogite fades metamorphism and deformation of quartz diorite during early Alpine underthrusting and subduction. Rare lenses of undeformed metaquartz diorite, preserved within the orthogneiss, represent an early stage in the evolution of this latter rock type. The metamorphic and microstructural evolution of the orthogneiss in the eclogite fades has been reconstructed from studies of gradational contacts between undeformed and strongly deformed rocks.
INTRODUCTION
A common aim of metamorphic petrology is to estimate conditions of pressure (P), temperature (T) and fluid composition at which the mineral assemblage of a rock approached or achieved equilibrium. Determination of pressure and temperature is generally 'Present address: Department of Geology, University of Otago, Dunedin, New Zealand. tPresent address: Department of Geology, University or Manchester, Manchester M13 9PL, UK. based on the assumption that equilibrium among minerals in an assemblage was reached at certain 'peak' metamorphic conditions. The assumption that coexisting minerals represent such an equilibrium assemblage on a thin section scale requires that mineral assemblage equilibration rates are fast compared with rates of change of the state variables until the so called 'peak' conditions are achieved, at which point the equilibration rates must become comparatively slow in order that the record of equilibrium be preserved (see also Spear et al. 1982, p. 105) . However, many examples have been documented in which the reaction rates were clearly slow compared with rates of change of the physical conditions, even when the temperature of metamorphism exceeded 800°C (e.g., Loomis, 1976; Tracy & McLellan, 1985) . Low reaction rates result in incomplete reactions and disequilibrium, and have been recognized in studies of mineral chemistry and reaction textures (Griffin & Raheim 1973; Loomis, 1976; Mark, 1985; Tracy & McLellan, 1985) . The occurrence of reaction products as coronas around reactant grains together with diffusion-controlled zoning profiles in reactant grains are particularly indicative of disequilibrium on the scale of a thin section (cf. Korzhinskii, 1959; Thompson, 1959; Loomis, 1976) .
It is notable that, in general, disequilibrium and partial equilibrium have only been recognized in rocks which preserve textures of incomplete reaction. If deformation affects a rock after reactions have occurred, the textural criteria for recognizing a disequilibrium assemblage are likely to be destroyed, and the origin of diffusion-controlled zoning profiles in minerals such as garnet may become uncertain. Under such circumstances it may be impossible to recognize disequilibrium between minerals in a thin section. However, deformation has a catalytic effect on reaction kinetics (Yund &Tullis, 1980; , and it is tempting to assume that complete equilibrium is generally achieved during high-strain penetrative deformation (see Ridley & Dixon, 1984) . One of the purposes of this paper is to show that path dependency, i.e. non-equilibrium effects, may be important in the determination of mineralogical and chemical behaviour and yet may not be discernible in petrographic analysis. In such cases the failure to recognize disequilibrium in deformed rocks may result in erroneous P-T estimates when thermobarometric techniques are applied. Using an orthogneiss from the Sesia Zone, Western Alps, Italy as an example of both equilibrium and disequilibrium processes we wish to demonstrate the possible complex relationships between reaction history, deformation history and the mineralogical evolution of deformed rocks.
We use the term 'mineral association' in this paper to describe a group of minerals that occur in close proximity within small volumes of a sample (see Tracy & McLellan, 1985) . This term does not imply that the minerals were necessarily in equilibrium-which is suggested by the more familiar term 'mineral assemblage'. In our discussion of disequilibrium textures, we are not referring to the commonly observed phenomenon of mineral zoning interpreted as continuous reaction growth zoning.
Sesia Zone orthogneiss
The Sesia Zone is the most internal (southeastern) tectonic unit of the Western Alps and consists of a polymetamorphic crystalline basement with a range of quartzo-feldspathic, metacarbonaceous, pelitic, basic, and ultrabasic lithologies. Following pre-Alpine granulite to amphibolite facies metamorphism, this basement was metamorphosed in the eclogite facies (P > 14-16 kb, T-500-560°C) during early Alpine underthrusting and subduction (Compagnoni, 1977; Compagnoni el al., 1977; Desmons & Ghent, 1977; Koons, 1982 Koons, , 1986 Rubie, 1984a) . A record of this high pressure metamorphism is well preserved in the various lithologies.
A large part of the central Sesia Zone (> 100 km 2 ) consists of foliated orthogneiss which varies in composition from quartz diorite to granodiorite and contains quartz+ Napyroxene + garnet + phengite + paragonite + zoisite + sphene + minor sulphides (Fig. 1) . Relatively rare enclaves or pods of metaquartz diorite, typically 100 m across, which have escaped penetrative deformation and in which the original igneous textures are well preserved, occur within this orthogneiss, notably on the east face of Monte Mucrone (Compagnoni & Maffeo, 1973; Rubie, 1983) . The metaquartz diorite consists of quartz + jadeite + two muscovites + biotite + garnet + potassium feldspar + zoisite + sphene ±allanite. Although mineralogically quite different, the metaquartz diorite and the orthogneiss were evidently both derived from similar protoliths which originated as intrusive rocks of late Hercynian age (Oberhaensli et al., 1982 (Oberhaensli et al., ,1985 . A sequence of steps in the highpressure evolution of the orthogneiss can be reconstructed if it is assumed that such a time sequence may be related to the spatial sequence observed in outcrop (see Ridley & Dixon, 1984, p. 122 (Campagnoni et al^ 1977; Rubie, 1984a) . The EMS has been divided into regions consisting predominantly of orthogneiss and regions consisting predominantly of paraschist with metabasite, metacarbonate, orthogneiss, and ultramafics. Lenses of undeformed metaquartz diorite occur within the orthogneiss at Monte Mucrone (1) and Colle della Vecchia (2). (Modified from Compagnoni et al., 1977.) metamorphism. Subsequent deformation produced the orthogneiss via an intermediate 'transition orthogneiss' stage. This transition from metaquartz diorite to orthogneiss provides an excellent opportunity to study the effect of deformation on disequilibrium mineral associations and on the paragenesis of mineral associations, as well as the effect of metamorphism on deformation as discussed by Rubie (1983) . Subsequent to high-pressure metamorphism, during uplift, rocks of the Sesia Zone including the orthogneiss were variably overprinted by first blueschist and then greenschist metamorphism. Details of this later evolutionary stage have been described by Compagnoni & Maffeo (1973) and Oberhaensli et al. (1985) . Here we examine the mineralogy, microstructural evolution and possible reaction histories of metaquartz diorite, transition orthogneiss, and orthogneiss during high pressure metamorphism, in order to explain how mineralogical differences between rock types of similar composition, which have had identical pressure-temperature-time histories, can arise as a result of different deformation histories. Chemical analyses of metaquartz diorite, transition orthogneiss and orthogneiss show some variability (Table 1 ). This may result from: (a) localized heterogeneities such as banding on the scale of a hand specimen in deformed rocks; and (b) larger scale compositional variation within the original intrusion. An additional alternative is that deformation was accompanied by fluid infiltration as discussed below (see also Oberhaensli et al., 1985) , and that infiltration was responsible for chemical changes. However, the textural evidence discussed below suggests that the variations in whole rock chemistry do not affect the conclusions presented in this paper. 
METAQUARTZ DIORITE

Petrography and mineralogy
The original quartz diorite is thought to have consisted of quartz (30-^40 per cent) + plagioclase (<An 20 ?, 40-50 per cent)+ biotite± potassium feldspar ± allanite. Within minor enclaves which lack penetrative deformation, the original igneous textures have survived the high-pressure metamorphism. Three domains in these metaquartz diorite enclaves are distinguished on the basis of mineralogy and texture ( Compagnoni & Maffeo, 1973, figs. 4-8 and Rubie, 1983, fig. 6 ) Scale bar«=O5 mm. (b) Domains I, II and III in metaquartz diorite. Domain II occupies the left hand half of the photomicrograph and consists of relict biotite (B), muscovite 1 (M), and a garnet corona (G) immediately right of centre. Domain I (DI), situated to the right, is separated from Domain II by Domain HI (Dili) consisting of muscovite 2 + quartz. Scale bar = 0-5~mm. (c) Transition orthogneiss-superplasfically deformed pyroxene-rich layers (P) separated by layers of medium-grained quartz (Q). The pyroxene has a grain size of ~ 0-2 mm. Two euhedral garnets (G) are located on the far right (See also Rubie, 1983, fig. 7a .) Scale bar = 0-5 mm. (d) Transition orthogneiss-superplastically deformed pyroxene-rich layers (P) partially replaced by fine-grained aggregates of phengitic muscovite (M) possibly as a consequence of fluid infiltration during and/or after deformation. Medium-grained quartz lenses (Q) and euhedral to subhedral garnets (G) are also present. Scale bar = 05 mm. (e) Typical orthogneiss showing an aggregate of omphacitic pyroxene (P), garnets (G) with quartz inclusions, and medium-grained aggregates of white mica (M) consisting of both phengite and paragonite. Scale bar = 0.5 mm. (f) Orthogneiss-garnets (G), showing textural evidence for partial resorption, in a matrix of medium-grained quartz (Q) with scattered flakes of phengite and paragonite (M). A pyroxene relic (P), strongly affected by greenschist overprinting, is situated on the right. Scale bar=05 mm. Fig. 2b ). The garnets of Domain II are typically <O50/im diameter, and a typical compositional zonation pattern in one of the garnets is shown by contours of percentage almandine (Aim), pyrope (Pyr) and grossular (Gro) contents. Analyses of points at A, B, and C are given in Table 4 . (Mul-muscovite 1, Mu2-muscovite 2.)
I-fine-grained jadeite +quartz+ zoisite pseudomorphing plagioclase; Domain II-biotite + high-titanium phengite + garnet, Domain III-phengitic muscovite + quartz-l-sphene. The remainder of the rock consists primarily of quartz with occasional potassium feldspar and allanite (Fig. 2a, b) . Large quartz grains show strongly undulose extinction and are mantled by strain-free recrystallized grains.
The following domain descriptions are in general representative of the textural relations found throughout the bulk of the rock (Fig. 3) , although some divergence from the geometries described here does occur.
Domain I
Fine-grained (20-60 nm dia.), variably oriented, xenoblastic pyroxene constitutes 80 per cent or more of Domain I. Needles of zoisite (~ 15 pirn long, ~ 1 nm dia.) and equally small needles and blebs of quartz are contained within the pyroxene aggregate (Compagnoni & Maffeo, 1973; Rubie, 1983, fig. 6b ). The averaged structural formula of the pyroxene is and microprobe analyses often indicate minor excess alumina. Although the jadeite content of the pyroxenes is fairly constant (A" Jd = 0-85-0-93, X m = Mg/(Mg + Fe 2+ )) shows considerable variation from 0 to 0-45 (Fig. 4, Table 2 ). The possibility that some zoisite component is included in these analyses (due to the small grain size) makes the estimates of jadeite content minimum ones, and may also explain the slight apparent Ca-Tschermaks component which is seldom present in high-pressure, low-temperature pyroxenes.
Domain II
Biotite which forms the core of Domain II is a coarse-grained (1-3 mm), dark red, high titanium variety with an averaged structural formula of Essene & Fyfe (1967, p. 15 ) (see Table 2 ). As the acmite content is very low in all of these pyroxenes (X Ac < 002), their compositions lie close to the jadeite-diopside join (Table 2) . Paragonite coexists with pyroxenes in the orthogneiss, but is absent in the metaquartz diorite and transition orthogneiss.
( Table 3 ). The biotite, which is clearly of magmatic origin, is apparently compositionally homogeneous throughout the rock, and no compositional zoning has been detected. Individual biotite flakes are partially or completely surrounded by leaves of muscovite and small euhedral garnets. The muscovite of Domain II is a fine-grained (0-02-0-5 mm), high-titanium phengite referred to hereafter as 'muscovite 1'. The averaged structural formula of muscovite 1 is Table 3 ), and it exhibits no detectable compositional zoning. Muscovite grains are commonly interleaved with biotite and often completely surround individual biotite grains, while the other edge of thejnuscovite is adjacent to^ither the euhedral garnets orthe Domain II/Domain III interface.
Garnets form a partial corona around the Domain II cores of biotite and muscovite 1. Individual garnets have very few inclusions, are idiomorphic with a diameter of 0-01-0-2 mm, and exhibit sharp growth surfaces adjacent to other phases. A typical zonation pattern is shown in Fig. 3 . In the region of a garnet crystal adjacent to biotite or muscovite 1 the almandine content remains approximately constant at ~ 75 per cent from core to rim (Figs 3 and 6, Table 4 ). The zoning pattern in that portion of a garnet oriented towards domains I and III, and therefore away from biotite, varies from ~Alm 0 . 70 Gro 010 at the core to Table 4 ). Zoisite is occasionally found within the garnet coronas.
Domain III
Fine-grained muscovite +quartz with minor zoisite and sphene form the mineral association of Domain III which spatially separates Domain I from Domain II (Figs. 2 and 3). The muscovite of Domain III is hereafter referred to as muscovite 2. Compared with muscovite 1, it has distinctly lower values of TiO 2 , FeO, and MgO, variable amounts SiO 2 , and a higher value of A1 2 O 3 (Fig. 5 , Table 3 ). The averaged structural formula is
The contacts of Domain III with the other domains are sharp, and occur over a distance of 10 /im or less.
The amount of potassium feldspar originally present in these rocks is difficult to estimate due to sporadic overprinting by muscovite 2 (see also Hy, 1984) .
TRANSITION ORTHOGNEISS
The transition orthogneiss is a fine-to medium-grained rock, with a strong planar fabric, which is distinguished from orthogneiss on the basis of microstructure and mineralogy. It was formed by high-strain deformation of metaquartz diorite, and occurs in zones which separate pods of metaquartz diorite from orthogneiss and also in narrow (<20cm wide) ductile shear zones within metaquartz diorite. Veins of garnet (~Alm 0 .3 5 Gro 0 . 63 ) +zoisite ± quartz (1-2 cm wide) are located along many of these shear zones.
Petrography and mineralogy
The transition orthogneiss is characterized by thin (0-2-0-5 mm wide) semi-continuous layers of Na-pyroxene +quartz + zoisite which define a strong planar fabric. These resulted from intense deformation of plagioclase pseudomorphs (Domain I) of the metaquartz diorite (Fig. 2c, d ). The pyroxenes in these layers are no longer fine-grained but generally occupy the full width of a layer. In the layers contained within zones of transition orthogneiss situated between metaquartz diorite and orthogneiss, pyroxene has uniform extinction, quartz generally forms a small number of large inclusions, and zoisite is often absent from these layers (Fig. 2c) . However, in the narrow shear zones, pyroxene often exhibits strongly undulose extinction and contains numerous submicroscopic inclusions of quartz and zoisite. These differences may indicate contrasting annealing histories. Average compositions of Mu 1 =muscovite 1, Mu 2 = muscovite 2 pyroxenes are slightly less jadeitic and more magnesian than pyroxenes of the metaquartz diorite (Fig. 4, Table 2 ). Variation in composition is notable. X j<t can range from 080 to 0-85 and X Mg from 0 to 0-65 within a single thin section (Fig. 4) .
Discontinuous layers and lenses of medium-grained quartz which often show a well developed foam texture, separate the pyroxene-rich layers (see van Roermund et al., 1979) .
Euhedral garnets up to 0-75 mm dia. (an order of magnitude larger than in the metaquartz diorite) are common. In some samples the garnets are almost homogeneous, whereas in others the crystals are zoned, ranging from Alm 046 Gro 0 . 52 in the cores to Alm 0 . 57 Gro 0 38 along the rims (Table 4, Fig. 6 ). However, in shear zones with associated veins of grossularrich garnet+ zoisite, cores of Alm 060 Gro 0 . 38 are surrounded by rims of Alm 0 . 42 Gro 0 . J6 . No garnets with the assymetric zoning patterns characteristic of the metaquartz diorite have been found. Minute inclusions of sphene or rutile are common in the garnets.
In the transition orthogneiss, phengite forms flakes, up to 0-7 mm long, which are frequently concentrated in layers and weakly aligned parallel to the planar fabric. In contrast, phengites in shear zones in metaquartz diorite are often very fine-grained and are sometimes associated with the pyroxene-rich layers (Fig. 2d) . The composition of the phengite is similar to muscovite 2 of the metaquartz diorite (Fig. 5, Table 3 ). Biotite is absent in the transition orthogneiss, but occasionally occurs as relicts in the narrow shear zones. Zoisite forms slender prisms, up to 0-7 mm long, and is often associated with micaceous layers. In the narrow shear zones, zoisite is mainly present (together with quartz) as very finegrained inclusions in the pyroxene-rich layers. Potassium feldspar has not been found in these deformed rocks.
ORTHOGNEISS
The orthogneiss is a medium-grained rock, with a well developed planar fabric defined by the preferred orientation of micas and elongate pyroxenes (Fig. 2e, f) , which outcrops over a large area in the central Sesia Zone (Fig. 1) . It evolved from the transition orthogneiss by further deformation, and consists of quartz + Na-pyroxene + garnet + phengite + paragonite + zoisite + sphene ± rutile + minor sulphides (see also Oberhaensli et ai, 1985) . Zoning patterns in pyroxenes and the general absence of amphibole as part of the high pressure assemblage distinguish the orthogneiss from other common Sesia Zone lithologies.
Petrography and mineralogy
The sodic pyroxenes of the orthogneiss are commonly medium to large (2-4 mm long) lath-like crystals with irregular grain boundaries (Fig. 2e) . In some samples there is clear evidence that these individual pyroxenes were formed by disruption of the pyroxene layers which characterize the transition orthogneiss. These pyroxenes exhibit a greater compositional variation than do sodic pyroxenes from other common rock types in the Sesia Zone (Koons, 1982) , and range from A r Jd >0-80 to Aj d = 0-50 (Fig. 4, Table 2 ). X Mg ranges from O60-0-75, although within a single thin section the range is generally much more limited. The Analyses A, B and C refer to Fig. 3. pyroxenes show a compositional amalgam rather than a clear zonation pattern, with domains of jadeitic pyroxene adjacent to and occasionally surrounded by regions of more omphacitic pyroxene. Although some jadeitic domains appear, on the basis of being surrounded by omphacite, to predate the omphacitic domains, there are no clear compositional relationships as found in other Sesia Zone rocks of quartzo-feldspathic composition (Koons, 1982 (Koons, , 1986 . The pyroxenes in the orthogneiss often contain intergrowths or inclusions of paragonite and garnet.
Garnets are usually small (<0-8 mm diam.) and exhibit both regular and irregular grain boundaries suggesting that partial resorption has occurred (Fig. 2f) . The garnets are compositionally similar to those of the transition orthogneiss and show irregular zonation patterns, with relatively small compositional variations (Fig. 6, Table 4 ). The average grossular content of 34 per cent is unusually high for quartz-bearing rocks from the Sesia Zone (Koons, 1982) .
A large modal percentage of phengite, and particularly the large amount of paragonite, distinguish the orthogneiss from the metaquartz diorite and transition orthogneiss in which paragonite is absent. Both micas occur as large sheets (up to 2 mm long) which define the main foliation (Fig. 2e, f) . Paragonite also commonly occurs as fine-grained intergrowths with pyroxene and garnet. Little compositional variation was found in either phengite or paragonite, with the latter being very similar in composition to paragonite found in other Sesia Zone assemblages. The composition of phengite is very similar to muscovite 2 of Domain III in the metaquartz diorite (Fig. 5, Table 3 ), and is more aluminous (less phengitic) than phengites from other rock types of the Sesia Zone (Koons, 1982) .
Zoisite occurs as prisms up to 06 mm long, and in some samples is only present as an accessory mineral. Subhedral grains of sphene, often with cores of rutile, are associated with mica-rich layers.
Although amphibole is generally absent from the high-pressure assemblage, Compagnoni & Maffeo (1973, p. 368) reported rare glaucophane in some xenolithic inclusions.
REACTION BEHAVIOUR IN THE METAQUARTZ DIORITE
The distinctive petrochemical evolution of the metaquartz diorite as discussed above is not adequately described by equilibrium thermodynamic theory and non-equilibrium theory must be invoked to effectively describe the observed behaviour. The irreversible thermodynamics of the interrelationships of chemical reaction and diffusion have been successfully described for systems close to equilibrium through a phenomenological treatment by, among others, de Groot & Mazur (1962) , Katchalsky & Curran (1965) , and Prigogine (1967) . More recent work by Fisher (1973 Fisher ( ,1977 , Weare et al. (1976) , and Foster (1977, 1981) has illustrated the value of the phenomenological approach in the description of geological processes. The great strength of the phenomenological treatment in the description of diffusion related processes lies in the effective bridging of the gap between chemical and physical driving forces by relating the affinities of reaction (A = -En,/*, (n x and /i f are, respectively, the number of moles and the chemical potential of component i)) to spatial derivatives (= V/ij) for nearequilibrium systems which are dominated by continuous processes. The approach is particularly useful in the description of metasomatic aureole growth in which the geometry is relatively simple (see Joesten, 1977) . The following discussion deals with a qualitative treatment of reaction and diffusion as they apply to the evolution of the Sesia Zone orthogneiss. Numerical and analytical solutions of these equations are produced elsewhere (Koons, in prep.) Reaction rates at any position within the reaction volume are related to the chemical potentials of the system components, at that position, through the phenomenological equations:
(1)
where J R is the reaction rate, J D is the diffusion rate, and LR and L D are the phenomenological coefficients (from Prigogine, 1967) .
The characteristic domain chemistry of the metaquartz diorite mineral associations suggests that the evolution of the metaquartz diorite was diffusion controlled (see Fisher, 1977 for a discussion of diffusion versus reaction controlled textures). Because diffusion appears to be the rate-limiting process, an evolution of the reaction rates and textural evolution in three dimensions is therefore dependent primarily upon evaluation of the chemical potentials of each component at any arbitrary position within the reaction volume: i.e. spatial mapping of reaction driving forces is crucially dependent upon spatial mapping of the chemical potentials of the system components. Once the chemical potentials as a function of space are determined, the solution of the cross matrices relating affinities to the potentials (Eq. 1) will follow. In an isotropic medium the determination of the spatial values of \i { may be accomplished through evaluation of the diffusion equation:
where D, is the diffusion coefficient of component i and P t is the source/sink term for component i. In diffusion-controlled processes, the timing of reactions and reaction rates are important in the determination of the source or sink term. Although the source/sink term is not a temporal function, the region in P-T-t volume occupied by a particular reaction defines the availability of the reactants. Assuming incompressibility and spatial independence of the diffusion coefficient, D, transient or steady state solutions of the diffusion equations may be obtained for any component, i. The steady state equations may be further defined on the basis of the presence or absence of a source/sink term within the region under consideration:
Several points about the following discussion of the metaquartz diorite must be emphasized: (1) In order to simplify the description of mass transfer, diffusing components are referred to as oxides. This does not imply that the components are believed to migrate as discrete oxide phases, but reflects the lack of information available on the state of complexing of migrating components (see also Fisher, 1973; Koons, 1981) . (2) Due to large and poorlyquantified volume changes as well as the difficulty in identifying the mobile complexes, it is not possible to determine or reproduce the precise reactions responsible for the observed mineral chemistries. Given these constraints we have attempted to produce approximate descriptive reactions which fit the observed textures. Unless specified, reactions as written do not imply reversible equilibria, but rather describe irreversible transitions. (3) Local variations from the descriptions listed here may be expected to occur due to original mineralogical heterogeneity. What follows is therefore a description of the general reaction and diffusion behaviour during evolution of the various domains.
Either during or after the rapid pressure increase associated with the early Alpine collisional event (Rubie, 1983; Oberhaensli et al, 1985) , transition of igneous plagioclase in Domain I to higher pressure assemblages commenced by reactions of the type: plagioclase-*jadeite + CaO + Al 2 O 3 + SiO 2 .
(Reaction 1)
There is no mineralogic evidence to indicate either that the breakdown of feldspar was a continuous process of albitisation with increasing pressure prior to the crossing of the albite->jadeite + SiO 2 (Reaction 2) equilibrium, or that the plagioclase remained metastably at the original igneous composition until reaction 2 was significantly overstepped and rapid reaction occurred. (See Rubie, 1983 , for a discussion of the kinetics involved in this reaction.) In either case, the breakdown of plagioclase served as a CaO and A1 2 O 3 source as well as producing the fine-grained interlocking texture of jadeite, zoisite and quartz diagnostic of Domain I. The presence or absence of zoisite in Domains I and III as a CaO-Al 2 O 3 sink is thought to be controlled by the availability of H 2 O through the reaction:
O-*zoisite + SiO 2 +A1 2 O 3 .
(Reaction 3) Associated with the rapid pressure increase was the initiation of a biotite breakdown reaction in Domain II. One of the distinctive mineralogical features of the metaquartzdiorite is the lack of complete biotite reaction and the consequent preservation of biotite cores within coronas of muscovite 1 and garnet. This type of texture, generally attributed to diffusion-controlled processes (Fisher, 1977) , together with the observed phase chemistries (i.e. high-titanium muscovites and some grossular component in even the cores of garnets) suggest that diffusion of CaO and A1 2 O 3 from Domain I influenced the breakdown of biotite in a transition similar to: biotite + Al 2 O 3 + CaO->muscovite 1+garnet.
(Reaction 4)
The rate-determining step in this transition is the transport of A1 2 O 3 and CaO from Domain I to the loci of reaction in Domain II. Continuous reactions among the AFM phases of Domain II may have further defined the compositions of these phases through the relations:
biotite-nnuscovite 1 +garnet -Al 2 Mg_[Si-^biotite, muscovite).
( Reaction 5) The cause of the lack of complete reaction may be twofold: (1) The muscovite 1 + garnet coronas decrease the diffusion coefficients, D c , o and D AWi sufficiently to inhibit transport of the diffusing species to the reaction sites. In this case, £), is strongly spatially dependent and the solutions of the transport equations become more complex than presented above. (2) The production of A1 2 O 3 and CaO ceases in Domain I due to completion of the plagioclase breakdown reaction. The plagioclase breakdown reaction may be thought of as a fi AhO3 and c.o spike which migrates as a pulse from Domain I in a manner described by the transient diffusion equation (Eq. 2). The breakdown of biotite is a response to this transient pulse and ceases as the pulse decays with time. The presence of zoisite sinks due to the availability of H 2 O within Domains I and II serves to dampen the HQ^Q and // A i 2 o 3 pulse. In these rocks without penetrative deformation, the extent of the biotite breakdown is therefore a function of the original plagioclase to biotite ratio as well as of the amount of H 2 O available within the reaction volume.
As Domain II evolved with the formation of garnet + muscovite 1 rims around the biotites contemporaneous with migration of CaO from Domain I, the /*c.o : /^Mgo+FeO) ratios on the external (Domain I-facing) edges of these rims became higher than the ratio on the internal (biotite-facing) edges. Hence, during growth, garnet compositions were buffered under differing /Zc, o : M<Mgo + FeO) conditions simultaneously at different positions relative to the domain geometries. These spatially related chemical potential differences yielded the distinctive assymetric zonation pattern in the garnets (Fig. 3 ) of higher grossular component in the Domain I-facing garnet rims.
The muscovite 1-2 transition in Domain III lies between Domains I and II and defines the response of the high-titanium muscovite 1 to increasing levels of ^A, 2O3 and /i^o associated with Domain I. This transition may be described by the reaction muscovite 1 + CaO + Al 2 0 3 -nnuscovite 2+sphene (Reaction 6) which accounts for the fine-grained sphene associated with the low-titankim muscovite 2. The composition of muscovite 2 is similar to the phengites which are found throughout highpressure terranes. The role of potassium feldspar in these reactions, either as an individual phase or as a perthite component of the original feldspar is not clear. In the presence of H 2 O, muscovite 2 may form directly from potassium feldspar through reaction with plagioclase feldspar-derived A1 2 O 3 and CaO yielding muscovite 2, zoisite, jadeite, and quartz. The textural evidence for this possible transformation remains ambiguous.
PROCESSES OF FORMATION OF TRANSITION ORTHOGNEISS
The well-defined planar fabric, more homogeneous phase compositions, and coarser grain size of pyroxene, garnet, and phengite, as well as the absence of biotite distinguish the transition orthogneiss from the metaquartz diorite. These textural, mineralogical, and chemical differences are the result of high-strain deformation which is therefore inferred to have greatly influenced the rates of diffusion and reaction.
The most notable characteristic of the transition orthogneiss is the intense deformation of the pyroxene-rich aggregate. Rubie (1983) has argued that deformation took place after completion of the plagioclase breakdown reactions (1) and (2), and that the small grain size of the jadeite + quartz + zoisite aggregates may have permitted deformation by a mechanism of grain boundary sliding accommodated by diffusive mass transfer. The main evidence for the operation of this mechanism is that the fine-grained, pyroxene-rich aggregates of the metaquartz diorite were more deformable than quartz (Fig. 2c) , whereas medium-to coarsegrained Na-pyroxene is invariably much less deformable than quartz (Rubie, 1983, Fig. 7) . Compared to the metaquartz diorite, the larger grain size of the Na-pyroxene in the transition orthogneiss indicates that grain coarsening occurred during and/or after deformation. If grain boundary sliding was the dominant deformation mechanism, synkinematic grain growth must have acted as a strain hardening process in these rocks due to the grain size sensitivity of this type of deformation mechanism (see Rubie, 1984&) .
Deformation may have had a strong catalytic effect on the kinetics of several processes in these rocks. More favourable growth kinetics and faster diffusion rates during deformation may have been responsible for the completion of reaction (4) Ferry, 1983) assuming that alumina was relatively immobile during metamorphism (Carmichael, 1969; Thompson, 1975; Rubie, 1982) . The data suggest that deformed samples have been slightly enriched in H 2 O relative to the undeformed samples, and also that K 2 O depletion has occurred (see also coarsening, and the chemical homogenization of the garnet and phengite. Although coarsergrained and deformed, the pyroxenes show little evidence of having approached an equilibrium composition (Fig. 4) , and are therefore regarded as having been metastable during the formation of the transition orthogneiss. The failure of pyroxenes to'equilibrate was presumably due to slow intracrystalline diffusion rates (cf. Freer et al, 1982; Brady & McCallister, 1983) -this supports the proposed grain boundary sliding deformation mechanism because deformation mechanisms involving the movement of dislocations enhance intracrystalline diffusion rates (Yund & Tullis, 1980) . Deformation can enhance reaction kinetics in a number of ways (see . It may enhance permeability therefore allowing infiltration of water into the system . The addition of even small traces of H 2 O to a previously dry system can increase rates of reaction and grain coarsening by several orders of magnitude (Fyfe et al, 1958, pp. 84-85; Tullis & Yund, 1982; Rubie, 1986 ). There is evidence for possible infiltration by at least small quantities of hydrous fluid during and/or after the high-strain deformation of the metaquartz diorite. Whole rock chemical data suggest that all deformed rocks derived from metaquartz diorite are slightly enriched in H 2 O (Table 1 and Fig. 7 , see also Oberhaensli et al, 1985) . The extent of replacement of Na-pyroxene by phengite aggregates suggests either hydration or localised redistribution of water within the rock (Fig. 2d) . Isotopic evidence also suggests localised infiltration of small quantities of fluid into the deformed rocks (Frueh-Green, 1985) . In addition, the veins of garnet+ zoisite located along many shear zones in metaquartz diorite were presumably formed under conditions of high fluid pressure. In general these veins were post-kinematic, although synkinematic (folded) veins have also been observed.
ORTHOGNEISS-FORMING PROCESSES AND REACTIONS
As previously discussed, grain coarsening and annealing of pyroxene in the superplastically deformed layers may have caused strain hardening during the metaquartz diorite-> transition orthogneiss evolution. During further deformation most of the strain was taken up by quartz and muscovite. The pyroxene-rich layers became strongly disrupted into individual pyroxenes and clusters of pyroxene which are characteristic of the orthogneiss. This microstructural reworking and subsequent grain coarsening and annealing destroyed all evidence of the earlier superplastic deformation, i.e. the main strain-producing deformation mechanism.
The decreasing jadeite content in pyroxene, partial resorption textures of the garnet, and the large modal percentage of paragonite distinguish the orthogneiss from the transition orthogneiss and metaquartz diorite. These suggest that a disequilibrium transition such as Jadeite + garnet+ H 2 O + SiO 2 -»omphacite +paragonite (Reaction 7) took place during the evolution from transition orthogneiss to orthogneiss. Undulose extinction and sub-grain boundaries in orthogneiss pyroxenes suggest that intracrystalline deformation involving the movement of dislocations occurred. This process is presumed to have enhanced intracrystalline diffusion rates and may have catalysed reaction (7). This transition also requires addition of water, as discussed above (see also Fig. 7 ).
REACTION HISTORY
The mineralogical characteristics which distinguish the orthogneiss from other rock types of similar bulk composition in the Sesia Zone are primarily the large variations in pyroxene composition with a tendency for jadeitic compositions to evolve towards omphacitic compositions but with an absence of systematic zoning patterns, the high grossular content of the garnets, and the high modal proportion of paragonite. These mineralogical characteristics may be due to two different possible reaction histories. (1) The orthogneiss lies in a compositional space in which continuous reactions are responsible for the distinctive phase chemistry in a near-equilibrium environment. (2) The orthogneiss was derived from the disequilibrium mineral associations of the metaquartz diorite and kinetic factors, coupled with the deformation history, controlled an approach towards (partial) equilibrium and were responsible for the present mineralogy. Both possibilities are discussed below.
An equilibrium reaction history
A possible explanation for the variation in pyroxene composition in the orthogneiss is that an originally jadeitic pyroxene re-equilibrated towards omphacite as changes in pressure occurred. This possibility is difficult to prove and it cannot be shown, for example, that such re-equilibration occurred under conditions of decreasing pressure in the eclogite facies, during the early stages of uplift of the Sesia Zone, because evidence for equilibrium between albite and jadeite or omphacite is never observed. The only sodic pyroxene which crystallized in equilibrium with albite, under conditions of reduced pressure during uplift, is chloromelanite which occurs as a breakdown product of jadeite and omphacite Oberhaensli et al., 1985) .
In the absence of albite, continuous reactions involving the jadeite exchange can occur as a result of changes of pressure. For example, in Sesia Zone rocks of quartzo-feldspathic composition, in which amphibole is a major constituent phase, the zonation pattern in the pyroxenes has been shown to be due to several coupled continuous reactions (Koons, 1982 (Koons, , 1986 . These reactions produce increasingly jadeitic pyroxenes, increasingly glaucophanitic amphiboles, and lower grossular contents in the garnets with increasing pressure. In the orthogneiss, the buffering capacity of the assemblage differs from that of the amphibolebearing assemblages and although it is probable that continuous reactions would produce a less jadeitic pyroxene with decreasing pressure, the alternative possibility that a less jadeitic pyroxene will develop with increasing pressure cannot be excluded.
A disequilibrium reaction history
We now propose a model for the evolution of the orthogneiss in the eclogite facies, which involves disequilibrium processes. In this model, the mineralogy is dependent on the reaction pathway rather than being solely dependent on P, T and whole rock composition and is therefore a function of time and the processes which enhance or inhibit the rates of diffusion and reaction. The basis of the model is that the orthogneiss was formed by deformation of the metaquartz diorite and has inherited its distinctive mineralogical characteristics from this earlier stage of disequilibrium mineral associations. Lombardo et al. (1977) have shown that the most important control on pyroxene composition during high-pressure metamorphism is the bulk rock chemistry. In most eclogitic schists, jadeite only occurs in rocks such as metagranites and meta-aplites which are low in FeO, MgO, and CaO and high in SiO 2 compared with rocks containing omphacite. There is also a strong correlation between Na/(Na + Ca) in the pyroxene and in the host rock (Fig. 8) . Lombardo et al. (1977) have also emphasized, in support of the above conclusion, that jadeite-and omphacite-bearing rocks are closely associated in the field and show indications of having crystallized under the same P-T conditions. FIG. 8. Na/(Na + Ca) ratio of omphacitic and jadeitic pyroxenes plotted against Na/(Na + Ca) ratio of the host rock for eclogitic schists and gneisses from the Sesia Zone. The triangular symbols are data of Lombardo et al. (1977) which show a strong correlation between pyroxene composition and whole rock composition. Data for the metaquartz diorite (MQD, crosses), transition orthogneiss (TOG, squares) and orthogneiss (OG, circles) deviate significantly from this trend, as discussed in the text.
The compositions of the phases which formed in the metaquartz diorite were controlled primarily by the chemical compositions of localized domains. Although local equilibrium probably existed, there was a state of disequilibrium on the scale of a thin section between the different domains (this behaviour has been described as 'mosaic equilibrium' by some authors). Jadeitic pyroxene formed in Domain I, which originally consisted of sodic plagioclase, because the localized composition of this domain was low in FeO, MgO, and CaO and high in Na 2 O. According to the data and conclusions of Lombardo et al. (1977) , which show that omphacitic pyroxenes generally occur in eclogitic schists and gneisses of quartz diorite composition, this jadeitic pyroxene had a disequilibrium composition in terms of the whole rock chemistry and was therefore metastable (Fig. 8) .
When chemical communication was increased, during deformation, equilibration between phases occurred within new and larger domains. These enlarged domains encompassed different effective bulk compositions from the individual domains of the original metaquartz diorite. However, the deformation which transformed the metaquartz diorite into the transition orthogneiss caused little shift in pyroxene compositions (for reasons discussed above). The high jadeite content and the large range of X Mu values in the pyroxenes of the transition orthogneiss show that this mineral remained metastable with respect to the whole rock composition and was therefore in disequilibrium with other phases (Figs. 4 and 8) . Garnet and phengite compositions homogenized during this stage. Therefore, these latter minerals are assumed to have equilibrated to the bulk composition of a new domain which, as pyroxene failed to equilibrate at this stage, may have approximated the whole rock composition minus the pyroxene component.
During subsequent deformation, which produced orthogneiss from the transition orthogneiss, diffusion in the pyroxenes was apparently enhanced by the movement of dislocations. The composition of this mineral readjusted to a new and more mafic effective bulk composition, which may have approximated that of the whole rock, by becoming more omphacitic. Thus, in this disequilibrium model, the variation in pyroxene compositions in the orthogneiss is due to the partial equilibration of the original jadeitic pyroxene (metastable in terms of the whole rock composition) to omphacite (stable in terms of the whole rock composition) (see Fig. 8 ).
The reaction of jadeite to omphacite involved significant changes in Xff* (Fig. 4) . However, although garnet resorption occurred during this reaction (reaction 7), there is no evidence from zoning profiles that the compositions of the residual garnets readjusted at this stage. Therefore, it cannot be assumed that Fe-Mg exchange equilibrium was achieved between pyroxene and garnet. The application of the garnet-clinopyroxene geothermometer of Ellis & Green (1979) confirms this point and also emphasizes the persistence of disequilibrium between garnet and pyroxene throughout the metaquartz diorite to orthogneiss evolution. Taking a range of pyroxene compositions from the metaquartz diorite together with the composition of a garnet rim in spatial proximity to Domain I (Analysis 'C, Table 4 , Fig. 3 ) results in temperature estimates ranging from 1150°C upwards (at 16 kb). Estimated temperatures for the transition orthogneiss, based on garnet rim compositions and a range of pyroxene compositions, lie between 770 and 1400 c C. Similarly, temperature estimates of 7 30-800 °C are obtained from the orthogneiss. These latter estimates arẽ 200°C higher than the normally-accepted temperature estimates for the eclogite facies metamorphism in the Sesia Zone (e.g., Compagnoni, 1977) and are therefore presumed to be a consequence of disequilibrium between garnet and omphacite.
It should be emphasized that, in contrast to the metaquartz diorite, there are no obvious textural indications of disequilibrium in the transition orthogneiss or, apart from evidence of garnet resorption, in the orthogneiss. Indications of disequilibrium in the deformed rocks have resulted primarily from studying the mineralogical and microstructural evolution which provides a perspective not generally available in petrologic studies. Even physical contact between mineral grains does not necessarily indicate that they were ever in equilibrium. An example of this phenomenon occurs in contact metamorphosed emeries of the Cortlandt Complex, New York in which contacts between grains of corundum and quartz have persisted through temperature of 650-900°C (Tracy & McLellan, 1985) .
The above discussion indicates that there is considerable difficulty in defining either an equilibrium assemblage or local domains of equilibrium in the orthogneiss. This conclusion obviously has important consequences for the application of thermobarometric methods. Compositions of coexisting phases used in pressure estimates which utilize net transfer reactions reflect the pressure of metamorphism only within the constraints imposed by the buffering assemblages. If such a buffering system cannot be correctly defined, the pressure of formation of the assemblage is not independently determinable from the compositional variation within individual phases.
The timing of deformation was probably critical to the mineralogical evolution of the orthogneiss in this disequilibrium reaction history. If for example, penetrative deformation had occurred prior to the onset of metamorphic reactions such as the breakdown of plagioclase and biotite (reactions 1-6), it is possible that a state of equilibrium (on the scale of a thin section) would have been more closely approached throughout the reaction history. In that case, an equilibrium assemblage including garnet, omphacite, quartz, paragonite, phengite, and zoisite may have developed at the onset of the high pressure event with subsequent changes in P and T being recorded by zoning patterns in these minerals. However, in the case of the Monte Mucrone orthogneiss, and perhaps other Alpine orthogneisses, disequilibrium effects preclude an evaluation of P-Tpaths based solely upon mineral analyses. Properties of the quartz diorite which appear to have been critical factors in the disequilibrium reaction history were a paucity of grain boundary fluid and consequently slow intracrystalline diffusion rates, a high resistance to deformation prior to the breakdown of plagioclase and a low resistance to deformation subsequent to the formation of finegrained jadeitic pyroxene.
Finally, one uncertainty concerning the disequilibrium model is the time scale involved. Although the mineralogical evolution discussed here could have occurred under isothermal and isobaric conditions over a relatively short time period, there is also the possibility that it took place over a protracted time period during which changes in P and T played some role in controlling the mineralogy.
